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ABSTRACT 
This dissertation presents numerical and experimental studies of a unified light trapping 
approach that is extremely important for all practical solar cells. A 2D hexagonal Bravais 
lattice diffractive pattern is studied in conjunction with the verification of the reflection 
mechanisms of single and double layer anti-reflective coatings in the broad range of 
wavelength 400 nm - 1100 nm. By varying thickness and conformity, we obtained the 
optimal parameters which minimize the broadband reflection from the nanostructured 
crystalline silicon surface over a wide range of angle 0°-65°. While the analytical design 
of broadband, angle independent anti-reflection coatings on nanostructured surfaces 
remains a scientific challenge, numerical optimization proves a viable alternative, paving 
the path towards practical implementation of the light trapping solar cells.  A 3 µm thick 
light trapping solar cell is modeled in order to predict and maximize combined electron-
photon harvesting in ultrathin crystalline silicon solar cells. It is shown that the higher 
charge carrier generation and collection in this design compensates the absorption and 
recombination losses and ultimately results in an increase in energy conversion 
efficiency. Further, 20 µm and 100 µm thick functional solar cells with the light trapping 
scheme are studied. The efficiency improvement is observed numerically and 
experimentally due to photon absorption enhancement in the light trapping cells with 
respect to a bare cell of same thickness.  
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CHAPTER 1 INTRODUCTION 
1.1 Photovoltaics Overview 
Photovoltaic (PV) is the effect of converting light into electricity by using solar cells. 
When light exposes a semiconductor material, absorbed photons generate electron-hole 
(e-h) pairs which are directed to negative and positive terminals of the cell. This happens 
when a photon with energies equivalent or higher than the material’s bandgap energy is 
applied to the valence band and excite a weakly bonded electron to the conduction band 
that is a higher energy level which results in electric conduction through the material. The 
generated electricity is collected from the metal electrodes using an external load. 
Photovoltaic effect was first discovered by a French physics, Blecquerei, while 
experimenting with metal electrodes in an electrolyte in 1839. In 1877, Adams and Day 
observed that the radiated selenium electrodes produced electricity. In 1904, Albert 
Einstein explained the theory of the phenomenon behind PV effect which was 
experimentally proven by Robert Millikan in 1916. Decades after discovery of Jan 
Czochralski’s method to grow monocrystalline silicon, bell’s laboratories announced 
their achievement of inventing the crystalline first silicon solar cell with 6% efficiency in 
1954
1
. The first application of solar cells was to power space satellites. In 1985, 20% 
efficiency was achieved from silicon solar cells
2
. Since then the photovoltaic industry 
focused on high efficiency solar cells to reduce the cost of manufacturing. Low cost and 
high efficiency solar cells are important in order to reduce the fossil fuel based power 
generation and minimize environmental pollution. Nowadays, solar cell modules are 
being used for grid and off-grid power generation in a wide range of applications such as 
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signal stations, transportation, telecommunication, building integrated systems, space, 
etc.
1,3
 Although, green power generation is still more expensive than fossil fuel usage and 
renewable energy suffers from lack of economical energy storage, many governments are 
perusing the solar power technology improvement due to the climate change moderation.  
There are different types of solar cells such as single junction
4,5
, multi-junction
6
, 
organic
7
, perovskite
8
, plasmonic
9
, dye-sensitized
10
, hybrid
11
, tandem
12
, and many other in 
order to growth solar industry.  
1.2 Solar Cell Fundamentals 
1.2.1 Sun Power 
The total power density emitted from a blackbody (e.g. sun) is determined from 
integrated spectral irradiance that is given by Plank’s law over all wavelengths. The 
wavelength at which the spectral irradiance is at maximum is given by λ (µm) = 2900/T 
where T is the blackbody temperature in Kelvin. The intensity of the solar irradiance in 
free space is 1.35 KW/m
2
 when the sun radiation is at normal angle of incident which is 
also known as air mass zero (AM0) where the air mass is a measure of light power 
intensity from the free space to the earth surface. As the light passes through the 
atmosphere, the particles on its way in the atmosphere such as ozone, carbon dioxide, and 
water vapor absorb about 28% the light in the ultraviolet and infrared wavelength regime 
while dust particles scatter about 10% of the light that is also known as diffuse light.  The 
air mass number is given by Air mass = 1/cos θ where θ is the angle of incidence (θ = 0 
when the sun is directly overhead)
13
. AM1.5G (global) spectrum includes the diffuse light 
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whereas AM1.5D (direct) doesn’t. The angle between the sun rays to the earth surface 
differs from normal (90°) to parallel (0°) which depends on the position of a fixed point 
earth, day of the year, and time of the day. At normal angle, the light intensity is at its 
maximum (1 kW/m
2
). 
1.2.2 Semiconductor Characteristics 
1.2.2.1 Materials Attribute 
The vast majority of solar cells are made from semiconductors in periodic table, 
group IV (e.g. crystalline silicon (c-Si)) or of combinations from groups II-VI and III-V 
(e.g. Cadmium Telluride (CdTe) and Gallium Arsenide (GaAs) respectively). Atomic 
properties of the semiconductors determine their optical and electronic properties. Group 
II-VI and II-V semiconductor atoms are formed in a zincblende lattice, whereas group IV 
semiconductor atoms are arranged in a diamond lattice all of which can be represented by 
two interpenetrating face-centered-cubic (fcc) lattices. In diamond lattice, all the four 
atoms are the same while in a zincblende lattice, e.g. GaAs, one sub-lattice is gallium 
than the other one is Arsenic. 
Semiconductors have relatively narrow energy band gaps which put the electrons 
in a favorable state to easily be excited by sufficient photon energy or an external electric 
field or voltage bias. The band gap (EG) is minimum energy to break the electron bonds 
in the valence band energy level (EV) and be exited to the conduction band (EC) where is 
a free energy state. On the other hand, when an electron is set free a hole is created which 
also play an equivalent role in the current generation. The band structure of a crystalline 
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solid and hence the energy-momentum (E-k) relationship can be obtained from 
Schrodinger equation which can be approximated near the valence and conduction band 
edges to 𝐸 =
ħ2𝑘2
2𝑚∗
 where m
*
 is the effective mass and k is related to the lattice constant 
(a). When the maximum of the valence band and the minimum of the conduction band 
occur at the center of k-space which gives the same crystal momentum the semiconductor 
is a direct band gap, e.g. GaAs. In contrast, the minimum of the conduction band is 
misaligned with the maximum of the conduction band, in an indirect band gap 
semiconductor, e.g. Si, which requires a higher energy level than its band gap energy for 
a direct transition. However, this change in their momentum can be compensated by 
thermal vibrations in the lattice (phonons) which have very high momentum despite their 
low energy. 
1.2.2.2 Equilibrium Carrier Concentration 
Semiconductor without any additional impurities (undoped) is called intrinsic 
material, ni, which is a function of bandgap energy and temperature. In thermal 
equilibrium the number of electrons in the conduction band (n0) is equal to the number of 
holes in the valence band (p0). Then we have
14
: 
𝑝0𝑛0 = 𝑛𝑖
2 = 𝑁𝐶𝑁𝑉𝑒
(𝐸𝑉−𝐸𝐶)/𝑘𝑇 = 𝑁𝐶𝑁𝑉𝑒
−𝐸𝐺/𝑘𝑇 ( 1 ) 
Where NC and NV are the effective densities of state (number/cm
3
), k is Boltzmann’s 
constant, and T is the Kelvin temperature. Intrinsic semiconductor’s carrier concentration 
is several orders of magnitude lower than the semiconductors with impurities (e.g. 
ni≈10
10
 cm
-3
 in Si).  
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Conductivity of semiconductors can be controlled by introducing impurities, called 
dopants, into the semiconductor atoms. N-type semiconductor is created when group IV 
materials are doped with group V atoms (e.g. Silicon doped with phosphorous) while p-
type semiconductor is created when group IV materials are doped with group III atoms 
(e.g. Silicon doped with boron). Since n-type materials (e.g. phosphorous) have five 
valence electrons, four of which can bond with silicon atoms, the extra electron is 
donated to the conduction band. An extra hole is left behind when silicon doped with p-
type materials (e.g. boron). The holes in the n-type and electrons in p-type semiconductor 
are considered to be the minority carriers. When a photon with ≥EG get absorbed by the 
semiconductor it generates both majority and minority carriers. However, since the 
number of majority carriers already exists in the semiconductor due to doping of orders 
of magnitude more than the number of light generated carriers, illumination doesn’t 
impact this number as it does for the minority carriers. In contrast, due to very small 
concentration of minority carriers in the dark, the number of light generated minority 
carrier in the illumination can be approximated as the total number of minority carriers. 
Below equation gives the majority and minority carrier concentrations: 
𝑛 − 𝑡𝑦𝑝𝑒: 𝑛0(𝑜𝑟 𝑛𝑛) = 𝑁𝐷 , 𝑝0(𝑜𝑟 𝑝𝑛) =
𝑛𝑖
2
𝑁𝐷
 ( 2 ) 
𝑝 − 𝑡𝑦𝑝𝑒: 𝑝0(𝑜𝑟 𝑝𝑝) = 𝑁𝐴, 𝑛0(𝑜𝑟 𝑛𝑝) =
𝑛𝑖
2
𝑁𝐴
 ( 3 ) 
where ND and NA are the concentration of donor and acceptor atoms. As the doping 
concentration increases the minority carrier concentration decreases according to above 
equation. When the dopant concentration is very large the bandgap is reduced and as a 
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result the intrinsic carrier concentration is increased. This effect is called bandgap 
narrowing which is managed to avoid in solar cells. This work considers that all dopant 
atoms are ionized when introduced into the semiconductor at room temperature. 
1.2.2.3 Generation, Recombination and Lifetime 
Absorbing photons when with sufficient energy to excite electrons to the 
conduction band (larger than the band gap of semiconductor), depends on the material 
and the wavelength of incident light which can be defined as absorption coefficient that is 
given by 𝛼 =
4𝜋𝜅
𝜆(𝑛𝑚)
 where 𝜅 is the extinction coefficient. The absorption depth in a 
semiconductor is also defined by the inverse of the absorption coefficient which 
determines how deep the light can travel inside the semiconductor before 64% of it gets 
absorbed. As the light (photon) absorption occurs, the electron hole pair generation takes 
place. The rate of which (G) is given by
14
: 
𝐺 = 𝛼𝑁𝑝ℎ = 𝛼𝑁𝑝ℎ0𝑒
−𝛼𝑥 ( 4 ) 
where Nph is the photon flux (photons/unit area/second), Nph0 is the photon flux at the 
surface and x is the distance into the material from the surface. By integrating the photon 
flux over a wavelength range, G becomes: 
𝐺 = ∫ 𝛼(𝜆)𝑁𝑝ℎ
𝜆𝑚𝑎𝑥
𝜆𝑚𝑖𝑛
(𝜆)𝑑𝜆 ( 5 ) 
This formula is used in our modeling which is going to be discussed in the following 
chapters. 
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The carrier generation has a reverse process called recombination which occurs 
when an excited electron from the conduction band stabilize in a lower energy level (i.e. 
recombine with a hole in the valence band). For intrinsic semiconductor this rate is 
equivalent with the generation rate in order to maintain their thermal equilibrium. In solar 
cells though, this is the main source of loss. There are three main recombination 
mechanisms which play an important role in the solar cells, Radiative (band-to-band), 
Auger, and Shockley-Read-Hall (defect level) recombination.  
Radiative recombination is dominant in direct band gap semiconductors where an 
electron directly recombines with a hole which leads to a photon emission with an energy 
close to the band gap. Radiative recombination is defined by
14
: 
𝑅𝑟 = 𝐵(𝑝𝑛 − 𝑛𝑖
2) ( 6 ) 
where B is the radiative recombination coefficient (4×10-31 cm6s-1). This type is very 
weak in an indirect band gap semiconductor such as silicon so it is usually neglected. 
Auger recombination occurs when an electron recombines with a hole and the 
released energy is given to a second electron in the conduction band (or hole in the 
valence band) which then thermally relaxes back to its previous position. This process is 
dominant in heavily doped semiconductors or under high injection conditions (e.g. 
concentrator solar cells) and is calculated from
14
: 
𝑅𝐴 = (𝐶𝑝0𝑝 + 𝐶𝑛0𝑛)(𝑛𝑝 − 𝑛𝑖
2) ( 7 ) 
where Cp0 and Cn0 are auger recombination coefficients which are proportional to the 
inverse quadratic carrier concentration at high doping levels. The first term is dominant in 
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a p-type material and the second term is dominant in an n-type material. In high level 
injection or heavily doped p-n junction both terms are important. 
Shockley-Read-Hall (SRH) recombination is dominant in semiconductors with 
defects in their crystal lattice. It occurs when an electron and a hole are trapped in an 
energy level in the forbidden gap that is introduced through defects. It is more likely with 
energy levels near mid-gap and is given by
14
: 
𝑅𝑆𝑅𝐻 =
𝑛𝑝−𝑛1𝑝1
𝜏𝑝0(𝑛+𝑛1)+𝜏𝑛0(𝑝+𝑝1)
 ( 8 ) 
where τp0 and τn0 are which inversely depend on the carrier thermal velocity (10
7
 cm/s at 
300 K), density of defects and electron and hole capture cross-section (10
-15
 cm
2
) and 
𝑛1(𝑝1) = 𝑛𝑖exp (±𝐸𝑡 ∓ 𝐸𝑖 𝑘𝑇⁄ ) where Et is the energy of the defect level. In mono-
crystalline silicon solar cells the SRH recombination is the dominant recombination.  
Recombination rate depends on the minority carrier lifetime and the number of excess 
minority carriers noted as 𝑅 = ∆𝑛 𝜏⁄  in the low level injected (∆𝑝 = ∆𝑛 ≪ 𝑁𝐷 , 𝑁𝐴) 
semiconductors.  
The minority carrier lifetime is the average time in which an excited electron at 
the conduction band spends before recombining with a hole. In above equation, R is the 
combination of all three recombination; hence the lifetime in the bulk of a semiconductor 
is given by
15
: 
1
𝜏𝑏𝑢𝑙𝑘
=
1
𝜏𝐵𝑎𝑛𝑑
+
1
𝜏𝐴𝑢𝑔𝑒𝑟
+
1
𝜏𝑆𝑅𝐻
 ( 9 ) 
The longer lifetime semiconductor results in a higher efficiency solar cell. The lifetime of 
a carrier after generation indicates the average length it can travel in the semiconductor 
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before it recombines. These two factors are related as 𝐿 =  √𝐷𝜏 where D is the diffusivity 
(m
2
/s).  
Apart from the bulk recombination probabilities, the surface of a semiconductor is 
also a site of high recombination due to the abrupt cut-off of the crystal lattice at the 
surface that is called surface recombination and it is characterized by a term called 
“surface recombination velocity” in cm/s. The minimum value of this term is zero for an 
ideal surface with no recombination while the maximum velocity goes to 10
7
 cm/s for 
most of semiconductors. A surface passivation process can lower the recombination by 
growing a layer to bond with the dangling bonds. For simplicity, the surface 
recombination rate is described for n-type and p-type semiconductors respectively by
14
: 
𝑅𝑠 = 𝑆𝑝(𝑝 − 𝑝0) ( 10 ) 
𝑅𝑠 = 𝑆𝑛(𝑛 − 𝑛0) ( 11 ) 
where Sp and Sn are effective surface recombination velocities.  
1.2.2.4 Carrier Transport (Drift and Diffusion Current) 
In thermal equilibrium the drift and diffusion currents must cancel each other out 
in order to maintain zero net current.  
When an electric field is applied in a doped semiconductor, it generates drift 
current due to upward band bending in the direction of the field that is controlled by 
majority carriers, i.e. electrons in n-type semiconductors and holes in p-type 
semiconductors. Electrons sink down the hill in the opposite direction of the electric field 
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while holes float up the hill in the same direction as the field. These free carriers in the 
semiconductor collide with other objects such as the atoms of crystal, dopant ions, 
defects and are scattered which means their velocity goes to zero and then accelerate 
again. As a result, the carriers move with a constant average velocity called drift velocity 
that is in the direction of the electric field, |𝑣𝑑⃗⃗⃗⃗ | = |𝜇?⃗? |, where µ is the magnitude of the 
mean drift velocity that is called carrier mobility which is mainly due to the lattice 
scattering and impurity scattering. Thus, the drift current density for electrons and holes 
is given by
14,15
 
𝐽𝑛,𝑝 = 𝑞𝜇𝑛,𝑝(𝑛, 𝑝)?⃗?  ( 12 ) 
In the absence of external electric field, electrons and holes flow from higher 
concentration areas to lower concentration areas through their random motion in order to 
reach the concentration uniformity. This flux can be defined by the Fick’s law from 
which diffusion current density of electron and holes is obtained 
𝐽𝑛,𝑝 = ±𝑞𝐷𝑛,𝑝
𝑑∆(𝑛,𝑝)
𝑑𝑥
 ( 13 ) 
where Dn,p is the electron and hole diffusion coefficient (or diffusivity) respectively. The 
relation between the carrier diffusion coefficients and their mobility is known as the 
Einstein relation, 
𝐷𝑛,𝑝 =
𝜇𝑛,p
𝑞
𝑘𝑇 (𝑐𝑚2 𝑠⁄ ) ( 14 ) 
The total electron and hole current generated by both applied electric field and 
concentration gradient is, 
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𝐽𝑛 = 𝑞𝜇𝑛𝑛𝐸 + 𝑞𝐷𝑛∇𝑛 ( 15 ) 
𝐽𝑝 = 𝑞𝜇𝑝𝑝𝐸 − 𝑞𝐷𝑝∇𝑝 ( 16 ) 
𝐽𝑡𝑜𝑡𝑎𝑙 = 𝐽𝑛 + 𝐽𝑝 ( 17 ) 
The operation of semiconductor devices, in particular solar cells, can be addressed with 
three equations
16
, transport equations which are discussed above, Poisson’s equation that 
describes the relationship between charge carriers and electric field strength, and the 
carrier continuity equations which express the relationship between carrier generation, 
recombination and transport within the semiconductor. 
1.2.2.5 P-N Junction 
P-N junction is formed when an n-type and a p-type semiconductor merge with 
each other within the same lattice. In this case, electrons diffuse from the n-type region 
into the p-type region and the inverse is true for holes. This charged region is known as 
depletion region or space charge region.  During this motion, diffused electrons and holes 
leave behind exposed charge impurities that are fixed in the crystal lattice and produce an 
electric field from positive to negative charge (from n-type to p-type) which create a drift 
current as oppose to the diffusion current in order to reach equilibrium condition. This is 
called build-in voltage (potential), Vbi that is the barrier height for any current to flow 
which can be reduced by applying a forward bias or under illumination. 
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1.2.3 Solar Cell Characteristics 
The current-voltage (I-V) characteristic of a solar cell under illumination is given 
by the Shockley solar cell equation
15
 
𝐼 = 𝐼𝑝ℎ − 𝐼0(𝑒
𝑞𝑉
𝑘𝑇 − 1) ( 18 ) 
where Iph is the photo-generated current, and I0 is the dark saturated current, also known 
as saturated current that can be obtained by solving continuity equation. 
The comparison between the I-V characteristics of an unilluminated and illuminated solar 
cell is shown in Figure 1-1 which is the superposition of the diode in the dark with the 
photo-generated current. 
 
Figure ‎1-1 shows the I-V diagram of a solar cell in dark and under illumination 
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Figure 1-2 represents the simplified equivalent circuit of the cell which includes 
the photo-generated current, dark saturated current and the series and shunt resistances. 
Ohmic resistance is another loss factor in a solar cell device performance that can be 
divided into series and shunt resistances as the most common resistances. The series 
resistance existence is due to a) contact resistance at metal semiconductor interface b) 
ohmic resistance of both metal electrodes, and c) ohmic resistance through the emitter 
and base of the solar cell. The slope of the I-V curve at open circuit voltage is a good 
estimation of series resistance. The shunt resistance presence is due to the leakage current 
from the solar cell junction which depends on the manufacturing defects. These two 
resistances are the main cause of voltage loss and low fill factor in the solar cell. 
 
Figure ‎1-2 illustrates a simplified form of a solar cell circuit 
1.2.3.1 Short-circuit Current 
Short circuit current, Isc, is the collected current when the voltage across the solar 
cell is zero, i.e. when the solar cell is short circuited and is equal to photo-generated 
current.  
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1.2.3.2 Open-circuit Voltage 
The open circuit voltage, Voc, is the maximum voltage across the solar cell when 
there is no current which corresponds to the bias at solar cell junction due to the photo-
generated current and it is given by
15
 
𝑉𝑂𝐶 =
𝑛𝑘𝑇
𝑞
ln (
𝐼𝑃ℎ
𝐼0
+ 1) ( 19 ) 
This equation shows the dependency of VOC on the dark saturated current that depends on 
the recombination in the cell. 
1.2.3.3 Fill Factor 
Fill factor is the ratio of the maximum achievable output power to the maximum 
current times maximum voltage.  
𝐹𝐹 = 𝑃𝑚𝑎𝑥/𝐼𝑠𝑐𝑉𝑜𝑐 ( 20 ) 
It graphically represents the rectangular area underneath the I-V curve that is filled by the 
Im..Vm with respect to Isc.Voc. 
1.2.3.4 Efficiency 
Efficiency is the most convenient factor to reflect the solar cell performance. It is 
defined as the ratio of the power output from the solar cell to incident energy input 
𝜂 =
𝑃𝑚𝑎𝑥
𝑃𝑖𝑛
=
𝐹𝐹𝐼𝑠𝑐𝑉𝑜𝑐
𝑃𝑖𝑛
 ( 21 ) 
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1.2.3.5 Quantum Efficiency 
Quantum efficiency gives the current that is generated through the solar cell under 
illumination. It can be divided into two types, external quantum efficiency (EQE) and 
internal quantum efficiency (IQE). EQE is defined by the ration of the number of charge 
carriers collected by the solar cell to the number of incident photons whereas IQE is the 
ratio of EQE to the absorption of the light or in other words the ratio of the number of 
collected carriers to the number of absorbed photons from the incident light. Following 
losses cause reduction in the quantum efficiency of most solar cells: front surface 
reflection, front/rear surface recombination and reduced absorption, and low diffusion 
length, which is the average distance a carrier travel between the generation and 
recombination and is given by 𝐿 = √𝐷𝜏. Here D is diffusivity as shown in equation. (14) 
and τ is the carrier lifetime. 
1.3 Light Trapping in Thin Film Solar Cells 
1.3.1 Background 
Thin (<100 µm) and ultra-thin (<20 µm) solar cells are highly attractive in the 
industry due to less material consumption and their mechanical flexibility when mounted 
on plastic substrates. The early mono-crystalline silicon solar cells approached the 
theoretical limit with the typical thickness of 300 µm for which the open-circuit voltage, 
that is the inversely proportional to the cell thickness
14
, of 741 mV was the theoretical 
limit under one sun illumination. More recent silicon solar cells consume less material 
with the cell thickness of ~200 µm but are still thick enough to absorb most of the 
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incident light from one sun. As the PV industry moves toward thin and ultra-thin solar 
cells, the need for advanced light trapping structures becomes more critical. 
Mono-crystalline silicon is extensively used in photovoltaic technology due to its 
natural abundance, excellent electronic properties, fairly matched absorption 
characteristics with solar spectrum, chemical/radiation hardness, low cost in 
manufacturing, etc. Therefore the focus of this work is on mono-crystalline silicon solar 
cells. 
Beer Lambert law describes the absorption in semiconductors as 
𝐴 = 𝐼0(1 − 𝑒
−𝑖𝛼𝐿) ( 22 ) 
where I0 is the incident light intensity, α is the absorption coefficient and L is light path 
length inside the semiconductor, according to which L has to be large for small α in order 
to have sufficient absorption.  
Thinning the silicon solar cell causes an absorption loss near the band edge which 
corresponds to its absorption depth (∝ 1/𝛼). Hence the efficiencies decrease significantly 
for thicknesses <20 μm. In order to maximize the charge carrier generation in a 
semiconductor device, that semiconductor needs to absorb as many photons as possible 
from the incident light, e.g. in crystalline silicon, this requires a millimeter thick material. 
Light trapping becomes important when silicon thickness in not enough to absorb >90% 
of the light. This is defined when the light path length is larger than the absorber medium 
thickness when the incident light is scattered due to a textured interface in conjunction 
with anti-reflection coatings and a highly reflective back contact.  
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Suppose a semiconductor surrounded by air, through which the incident light 
passes once and the unabsorbed photons with higher wavelengths transmit from the back 
of medium, Figure 1-3 (a). By adding an ideal reflector at the bottom of a semiconductor, 
the propagating light path length becomes twice of semiconductor thickness, Figure 1-3 
(b).  
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Figure ‎1-3 shows the incident light path through a bulk semiconductor (a), with a rear 
side reflector (b), when top surface texturing is added (c), ARCs further reduce the 
reflectance. 
The incident light can be further trapped inside a medium by texturing the top or/and 
back surface with either random or periodic nanostructures, Figure 1-3 (c).   The other 
approach for light absorption enhancement is to minimize the reflection from the top 
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surface that can be achieved by gradual change of refractive index, called anti-
reflectivity, Figure 1-3 (d). 
Thin film solar cell performance can be improved by this approach leading to reduction 
of the material consumption followed by the cost of green power generation
17,18
.  
Light trapping based on ray-tracing is the first approach that is developed in which the 
theoretical maximum limit of light path length in random surface texturing with period 
and thicknesses much larger than the sunlight wavelength can be 4n
2
 where n is the 
refractive index of the medium
19
. In more recent works, it is shown that the angle 
averaged absorption can be enhanced more than ray optics limit in wave optics where 
there is light interaction with a periodic structure (with period and thickness comparable 
with the wavelength)
20-22
.  
In recent works, a monocrystalline Si wafer is textured by either randomized or periodic 
structures. An anisotropic alkaline etch, typically KOH results in a random pattern of 
pyramids since the <111> planes etch much slower than the rest of the atomic planes in 
<100> oriented Si wafers
1
. The periodic structures however are fabricated by using 
photolithography or soft-imprinting lithography
23,24
. 
1.3.2 Periodic Light Trapping Nano-Structures 
A periodic structure, also known as diffraction grating, redirect incident light into 
discrete directions at certain angles, called diffraction orders, at which the reflected, 
transmitted and scattered electromagnetic wave superimposed constructively. The 
diffraction order starts with zero-order where direct transmission or specular reflection 
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and continues by non-zero integers, m as illustrated in Figure 1-4. There are variety of 
works in which periodic structures are applied to the back side
25,26
, front side
27,28
 and 
both sides
29
. These studies include both 1D and 2D periodic structures. Although 1D 
grating has less complexity in fabrication, 2D grating couples the incident light into more 
diffraction orders that is in favor of light trapping purpose
21,25
. 
 
Figure ‎1-4 shows cross section schematic view of an incident beam creating forward and 
backward diffraction modes at a 2Dperiodic grating interface. 
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The diffraction angles that depend on the refractive index, the period of grating, the 
wavelength and angle of the incident light for each diffraction order are given by the 
grating equation
30
 
𝑛1 sin(𝜃𝑖) =
𝑚𝜆
𝑃
+ 𝑛2 sin(𝜃𝑚) ( 23 ) 
where P is the period of grating, n1 and n2 are the refractive indices of the incident and 
propagating medium, θi and θm are the incident and diffraction angles of the m
th
-order 
respectively. According to this equation at normal incident where θi  is zero, P ≥ mλ/n2 
has to be satisfied for θm=π/2.  
Since the lower diffraction orders have higher intensity, the most efficient way to 
increase the light path length without losing energy is to redistribute the energy among 
higher diffraction orders that increases the chance of total internal reflection.  
It is found that a periodic structure can increase the light path length beyond the 
Lambertian limit at normal incident where the absorbing medium thickness or the period 
of the structure is comparable to the wavelength of light
21,31,32
. However, angular 
dependency is the limit of periodic structures in comparison with the Lambertian limit. 
1.3.3 Large Area Nanoscale Patterning 
Printing as a promising approach for mass production of thin film solar cell
17,18
 has the 
advantage of producing large scale manufacturing using a roll-by-roll technique. The 
unique advantage of this process is that a large area master pattern cane be fabricated 
once by using direct laser writing (DLW) technique followed by transferring the pattern 
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onto a polymeric inverse stamp such as Polydimethylsiloxane  (PDMS) that can be used 
for patterning silicon wafers repeatedly without any degradation as shown in Figure 1-5.  
 
Figure ‎1-5 (a) shows the fabricated pattern on a master by using DLW technique, (b) then 
the pattern is transferred onto PDMS mold, (c) that can be used for imprinting repeatedly. 
At the end fabricated thin film solar cell is transfer printed on to thin flexible plastic 
substrate. 
1.3.4 Design, Optimization, and Fabrication 
In this work, a 2D hexagonal lattice is chosen to maximize the absorption inside the thin 
film silicon due to the more diffracted beams for the same unit area in comparison with 
other 2D periodic gratings
33
. Figure 6 shows the 3D FDTD predicted light trapping 
pattern optimization for a constant silicon thickness (3 µm). The wavelength integrated 
absorption is maximized as a function of 2D hexagonal lattice period (P), diameter to 
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period ratio (D/P) and relief depth (RD) including a constant ARC layer (SiO2/ Si3N4 = 
50/35 nm) and 200 nm Au as backside reflector (BSR) for one unit cell area.  
 
Figure ‎1-6 FDTD predicted light trapping pattern optimization for a constant silicon 
thickness (3 µm). The wavelength integrated absorption is maximized as a function of 2D 
hexagonal lattice period, D/P and relief depth (P = 500 nm, D/P = 0.6, RD = 140 nm with 
ARC (SiO2/Si3N4 = 50/35 nm, chosen from previous work) and 200 nm Au as BSR. 
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According to Figure 1-6, the optimized light trapping pattern which enables the 
maximum absorption of 78% integrated solar spectrum (400-1100 nm) (marked as star) 
defines the posts dimension of period 500 nm, diameter/period  0.6, and relief depth 140 
nm. The scanning electron microscopy (SEM) image of the fabricated silicon nano-posts 
based on the optimized geometry obtained from our modeling results are shown from the 
top, tilted and side view in Figure 1-7.  
 
Figure ‎1-7 (Left to right) top, tilted and cross section view SEM images of fabricated 
silicon nanostructures as a 2D periodic hexagonal grating. 
The process is defining nanoscale light trapping patterns on silicon wafer based on soft 
nanoimprint lithography. Soft imprinting starts with spin coating  ̴ 500 nm of a negative 
photoresist (PR), 5% diluted SU-8 2000.5 is used in this work, on silicon substrate 
followed by soft baking on a hot plate at 90 °C for 1 minute, Figure 1-8 (a). The 
imprinting takes place afterwards by laminating the PDMS stamp on the sample while it 
is off and on the hot plate each for 20-30 seconds followed by 1 minute ultra-violet 
exposure and 1 minute post exposure baking of the sample at 90 °C for 1 minute with the 
purpose of curing and hardening the imprinted pattern on the photoresist, Figure 1-8 (b). 
25 
 
Oxygen plasma de-scum removes PR residues on the unwanted areas, in between the 
posts, Figure 1-8 (c). 
 
Figure ‎1-8 (a-c) illustrate the fabrication steps for Soft imprinting from PR spin coating 
and baking (a), imprinting, UV exposure followed by post exposure baking (b), removing 
PR residues by O2 plasma etching (c), to MaCEtch process (d-f) including metal 
deposition (d), etching silicon in H2O2:HF:HO2 solution (e) and removing the PR (f). 
Next step is using the photoresist pillars as a mask to produce the same pattern onto the 
silicon substrate that can be done by two etching techniques. One etching technique is 
Reactive Ion Etching (RIE) in which Sulfur Hexafluoride (SF6) with Oxygen (O2) 
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assistant etches silicon where it is exposed to the gas ions. The other technique that is 
preferred over RIE technique is Metal-assisted Chemical Etching (MaCEtch) which has 
the advantage of developing well-defined structures and offering more control of the 
structure geometry and morphology. MaCEtch process starts with a thin layer deposition 
(both electron beam evaporation and sputtering work) of a noble metal (e.g. Au, Ag, Pt). 
35 nm of Au is evaporated in this work, Figure 1-8 (d). The film thickness of 30-50 nm 
results in neater sidewall characteristics
34
. A mixture of Hydrogen peroxide, Hydrofluoric 
acid and water (H2O2:HF:HO2) with a ratio of 40:10:0.5 ml is used to etch the silicon 
through the gold interface. At this step, the oxidant injects holes at the metal-
semiconductor interface which leads to the oxidation of the semiconductor. The oxidized 
portion is etched by hydrofluoric acid (HF) in the solution causing the thin metal to 
effectively “sink” into silicon and creates 3D structure, Figure 1-8 (e). Our process is 
carried out at room temperature. The gold and SU8 is removed in gold etchant and 
piranha respectively afterwards, Figure 1-8 (f). There are number of parameters that 
impact the etch rate and porosity such as silicon resistivity, ratio of the HF to the H2O2, 
metal thickness, temperature, etch time, etc
35
. Figure 9 (a) shows a cross section of well-
defined silicon posts that is obtained in our experiments. Etch rate of (H2O2:HF:HO2) 
solution is experimentally obtained for ratios of 40:10:0.5 ml and 40:10:1 ml, Figure 1-9 
(b). The result shows that the etch rate doubles by doubling the H2O2 concentration and 
increases with time linearly.  
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Figure ‎1-9 (a) shows a SEM image of silicon nanostructures cross section that is etched 
with MaCEtch technique. (b) shows the experimentally obtained etch rate of silicon at 
Si/Au interface with 0.5 ml and 1 ml H2O2 concentrations in (H2O2:HF:HO2) solution. 
1.4 Dissertation Outline 
This dissertation focus is improving the efficiency of thin and ultra-thin c-Si solar 
cells by advanced light trapping design and implementation in 5 chapters including 
introduction.  
Chapter two presents the design and modeling of an ultra-thin c-Si micro-bar solar 
cell on which a unified light trapping approach is applied following by a discussion on 
the fabrication method along with its advantages and limitations. The systematic study, 
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and optimization of single and double layer anti-reflective coatings on the previously 
studied top diffractive pattern is the focus of chapter three.  The optimized ARC 
performance over a wide angle range that is important in photovoltaics applications is 
also discussed in this chapter. Chapter four explains the design, modeling, fabrication and 
characterization of a 100 µm and 20 µm thin c-Si solar cell followed by analysis of the 
cell performance. Finally the conclusion of this work is discussed in chapter 5.  
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CHAPTER 2 BROADBAND ANGLE INDEPENDENT ANTI-
REFLECTION COATINGS ON NANOSTRUCTURED LIGHT 
TRAPPING SOLAR CELLS  
2.1 Introduction 
The performance of many optoelectronic devices, such as photodetectors and 
solar cells, rely intrinsically on the efficient absorption of light.  Maximizing this 
absorption, therefore, continues to be of great scientific and commercial interest.  Apart 
from enhancing the absorption within the semiconductor bulk
22,36-44
, there exist many 
studies on anti-reflective materials
45-48
, their deposition methods
49,50
 and nano/micro 
structured anti-reflection coatings (ARC)
29,51-55
 in which they focus on minimizing 
reflection losses to the amount of light entering the device.  Reflection occurs when light 
passes through the interface of two different mediums with a refractive index mismatch. 
The most common ARC is a single dielectric layer that serves to bridge the optical 
impedance of air and the generally high index semiconductor - for a specific wavelength. 
The ideal ARC meets the effective medium theory (EMT) criteria at which the refractive 
index gradually increases from the air (ambient medium) to the semiconductor (substrate 
medium). Although such patterns minimize the integrated reflectivity down to 
<2%
24,54,56
, they do not necessarily maximize the photon absorption in the substrate.  For 
instance, silicon thinner than 200 µm is unable to absorb the full solar spectrum within 
one optical pass and the unabsorbed light transmits out of the cell - effectively lost.  To 
improve light absorption within thin solar cells, a unified light scattering and anti-
reflection scheme is required.  Cells structured with two-dimensional diffraction gratings 
have demonstrated enhanced absorption by increasing the effective path length of light 
30 
 
within the absorbing medium
57
. In our earlier work, we have optimized the wavelength 
integrated absorption in ultrathin c-Si films (3-6 µm) structured with a 2D hexagonal 
array of posts by varying the nanostructure period (P), diameter to period ratio (D/P) and 
relief depth (RD)
58,59
.  While finding the parameters which most effectively scattered 
light past the air-silicon interface, an optimized ARC could further improve performance 
by reducing the losses off the nanostructured surface.  Here, we perform this optimization 
and study the impact of conformal antireflection coatings by maximizing absorption 
averaged over a broad range of wavelengths (400-1100 nm).  SiO2, Si3N4, and Al2O3 
films are chosen for this study due to their passivation quality and industrial popularity.  
Numerical simulations of the single and double layer ARCs are performed using finite 
difference time domain (FDTD) techniques and serve to guide the fabrication of our 
experimental solar cells.  We employ metal assisted chemical etching (MacEtch) to 
pattern the light trapping nanostructure into the silicon surface
60
, which serves as a low 
cost alternative to reactive ion etching (RIE) while maintaining control over structural 
features and also producing the smooth surfaces needed for quality passivation
61
.  We 
lastly demonstrate the combined, optimized ARC-light trapping system’s wide angle 
independent response needed for high efficiency solar cells.  
2.2 Results and Discussion 
A schematic of the interdigitated back contact c-Si solar cell architecture with a 
2D hexagonal top diffractive light trapping pattern is shown in Figure 2-1 (a).  The 
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corresponding top and cross-sectional SEM images of the bare and ARC coated light 
trapping patterns are shown in Figure 2-1 (b).   
 
Figure ‎2-1(a) shows the top and side view SEM images of the bare and ARC coated 2D 
grating fabricated by using metal assisted chemical etching technique. (b) shows 
interdigitated back contact solar cell architecture with the light trapping scheme as an 
application of such angle independent light-trapping nanostructures. 
As a guideline for a single layer anti-reflection coating simulations, we begin with 
reflection from a planar surface that is characterized by the Fresnel equations, and from 
them derive a condition for destructive interference. This minimum reflectance condition 
is met when the optical phase length of the ARC is a quarter of the wavelength of light 
𝑛. 𝑑 = 𝜆 4⁄  (d is the film thickness) where the refractive index (nARC) must follow
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𝑛𝐴𝑅𝐶 = √𝑛𝑎𝑖𝑟𝑛𝑠.. While potential ARC materials must meet this optical condition, they 
must also provide a high quality surface passivation to ensure minimal charge carrier 
loss. Three ARC materials, Al2O3, Si3N4, and SiO2, fit this criterion and are modeled 
using FDTD simulations on a planner as well as patterned c-silicon substrate. Figure 2-2 
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(a) shows reflectance as a function of wavelength and thickness of three antireflection 
coatings on previously reported optimized light trapping pattern
58
.  From these 
simulations, we find a thickness of 80 nm, 50 nm, and 60 nm are needed for single layer 
of SiO2 (n = 1.47), Si3N4 (n = 2), and Al2O3 (n = 1.67), respectively. These values 
correspond to wavelength-integrated reflectance values of 3.4% for SiO2 and 3.2% for 
Si3N4 and Al2O3 on the patterned silicon as indicated by white dash lines in Figure 2-2 
(a).  
 
Figure ‎2-2 (a) reflectance as a function of wavelength and thickness for three single layer 
ARCs for nanostructure period 500 nm, relief depth 140 nm and diameter 320 nm. White 
lines indicate the thickness that gives the minimum reflectance. (b) compares the 
reflectance vs wavelength of bare silicon (magenta dash line), patterned silicon 
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(magenta), and patterned Si coated with Al2O3 (red), SiO2 (black) and Si3N4 (blue) 
conformal with the thicknesses indicated with white dash lines in (a). (c) compares the 
wavelength integrated reflectance as a function ARC thicknesses for bare (dash) and 
patterned silicon (solid). 
These optimum, wavelength-dependent minimum reflections are plotted in Figure 
2-2 (b) alongside the reflection from bare, patterned silicon substrates without ARCs for 
comparison.  From this plot, we show that the light trapping pattern alone reduces 
reflection significantly over the visible spectral range from average 34.6% to 8.1%. 
However, in the near-IR wavelength range (0.8-1.1 µm), the light trapping pattern incurs 
high reflection loss (>10%) which is much larger than that of the ARC coated light 
trapping pattern (<3.5%). According to the results in Figure 2-2 (b) the wavelengths at 
which there is a dip in the patterned Si reflectance spectrum are different from the ones in 
the ARC coated patterned Si. 
While certain applications may require optimization of reflectance at specific 
wavelengths, solar cell ARCs should be considered over a wide range of wavelength (400 
nm – 1100 nm).  As such, Figure 2-2 (c) shows the wavelength-integrated reflectance 
over a wide range of thicknesses for all three ARC on bare and patterned silicon.  
According to this figure, the minimum reflection from a single layer SiO2, Si3N4, and 
Al2O3 on patterned silicon is obtained at 100 nm, 70 nm, and 80 nm, respectively, which 
correspond to reflectance reduction enhancements of 65%, 67%, and 77% with respect to 
the minimum reflectance obtained from the bare silicon with ARC.  
In the above numerical studies, all ARC coatings are considered to be conformal 
(i.e. having a uniform thickness across the nanostructured surface).  However, in reality, 
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there are a number of factors which impact the uniformity of ARCs such as deposition 
methods (PECVD, LPCVD, ALD, etc.), temperature, gas environment, deposition rate, 
and the underlying structure dimensions and aspect ratio
63
.  Step coverage is defined by 
the ratio of a deposited film thickness on the sidewall of a step over the thickness on the 
top/bottom surface as shown in the schematic of Figure 2-3 (a).   
 
Figure ‎2-3 (a) schematic of step coverage of a silicon post coated with single layer ARC. 
(b-d) A comparison of reflectance vs wavelength of Al2O3 (a), Si3N4 (b), and SiO2 (c) 
coatings with 20%, 60%, and 100% step coverages. 
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To investigate the impact of step coverage on the reflectivity, and therefore 
performance of the anti-reflective material, we performed numerical simulations and 
compared them to experimental data.  Reflectance vs wavelength data is obtained for all 
three ARC at their optimum thicknesses for three different step coverage values from 
conformal (100%) to 20%, Figure 2-3 (b-d). Interestingly, we observe a blue shift in the 
reflectance spectrum along with a reduction in reflection for ARCs with lower step 
coverage. From experiment, we find step coverage values for PECVD SiO2 and Si3N4 at 
300
o
C and Atomic Layer Deposition (ALD) Al2O3 at 200
o
C of 20%, 60%, and 80%, 
respectively.  
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Figure ‎2-4 (a) reflectance over a broadband wavelength regime (400- 1100 nm) for three 
single layer non-conformal antireflection coatings. The dots indicate the thicknesses at 
which the measured reflectance spectra is matched with the equivalent predicted one for 
Al2O3 (b), Si3N4 (c), and SiO2 (d). 
Using these values, we simulate the integrated reflectance as a function of 
thickness and obtain their respective optimal ARC thicknesses (shown in Figure 2-4 (a)). 
Dots in the respective plot correspond to experimental data points.  Figure 2-4 (b, d) 
shows the experimental measurements for these optimized ARCs and a close 
correspondence between numerical predictions.  We believe the minor mismatch between 
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experiment and numerical results are due to slight differences in refractive index and 
nanostructure dimensions between the deposited film and the index used in the modeling.  
Another implication of the Fresnel equations is that a gradual change in refractive 
index will result in a lower reflection between two media. To implement this and further 
reduce reflection loss, we now consider a bi-layer ARC.  The conditions which minimize 
reflection for a planar double layer ARC is given by
62
, 𝑛1𝑑1 = 𝑛2𝑑2 = 𝜆 4⁄ , where 
𝑛1 𝑛2 =⁄ √𝑛𝑎𝑖𝑟 𝑛𝑠⁄ .  For a Si3N4 and SiO2 bi-layer, this corresponds to a thickness of 70 
nm and 90 nm, respectively.  Both silicon nitride and silicon oxide can be deposited in a 
Plasma Enhanced Chemical Vapor Deposition system (PECVD) at the same temperature 
(300 C) which keeps the fabrication process cost effective. We then perform a two-
dimensional parameter sweep about these thicknesses (10 nm - 150 nm) to predict the 
optimum thickness of each layer for the bi-layer ARC on the light trapping structure.  
According to the result of our simulations, the numerically predicted integrated 
reflectance gives a minimum reflectance of 2.4% at 20 nm Si3N4 and 70 nm SiO2. In the 
non-conformal case, corresponding to our experimental fabrication (60% Si3N4- 20% 
SiO2), the minimum integrated reflectance of ~1.5% is obtained at a range of 60 nm 
Si3N4, 100-130 nm SiO2 and 70 nm Si3N4, 100-120 nm SiO2 over a broadband 
wavelength regime (400-1100 nm), Figure 2-5 (a).  The lower reflectance value of the 
non-conformal simulation is due to the better performance of lower step coverages on the 
top diffractive pattern that was shown in Figure 2-3. In order to verify this result, the 
reflectance vs wavelength of a patterned silicon coated with a chosen thickness of 70 nm 
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Si3N4 and 100 nm SiO2 (60% Si3N4- 20% SiO2) is measured. Figure 2-5 (b), confirms 
that there is a fair agreement between simulation and experimental results. 
 
Figure ‎2-5 (a) shows predicted wavelength integrated reflectance as a function of Si3N4-
SiO2 bilayer ARC thickness for conformal and non-conformal coatings on patterned 
silicon. The optimum ARC thicknesses at which the minimum reflection is obtained are 
marked as star. (b) presents experimentally measured and predicted reflectance vs 
wavelength for non-conformal 70 nm Si3N4- 100 nm SiO2 bilayer coatings are in a good 
agreement. 
Finally, to quantify how these ARCs will perform in the field, where incident 
light will strike the surface at a wide range of angles throughout the day, we investigate 
the combined wavelength and angular response of the system.  The predicted reflectivity 
integrated over wavelength of the bilayer ARC as a function of incident angle is shown in 
Figure 15 that remains below 3% from 0
o
-60° over the visible regime (400-850nm). Not 
only is the double layer ARC performance better than a single layer ARC in terms of low 
reflectivity, but its overall angle dependency is 53% lower than its individual components 
at their optimum thicknesses.  We experimentally verify these simulations in Figure 2-6 
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by using an integrating sphere to obtain the angle and wavelength resolved reflectance 
spectra
64
.  
 
Figure ‎2-6 compares predicted and experimentally measured angle resolved reflectance 
from the optimized ARC coated patterned silicon. 
For practical limitations such as beam and sample size, the angle is scanned 
between 5 degrees and 65 degrees.  Unpolarized light is used for the angle resolved 
measurements and to obtain the equivalent through simulation, we average the s-
polarized and p-polarized simulation results for a given angle by using the broadband 
fixed angle source technique (BFAST) from Lumerical FDTD.  The measured angle 
resolved integrated reflectance for the optimized bi-layer ARC coated patterned surface 
shows a better performance in comparison with the single layer ARCs and remain below 
5% up to 45° and below 10% up to 65° over the silicon absorption band. The consistency 
between the simulation and experiment for the bi-layer ARC is less than the single layer 
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ARCs due to the increased sensitivity of the bi-layer reflectance to differences in 
experimental and numerical refractive indices. 
2.3 Methods 
2.3.1 Fabrication 
Per previous study
58
, the optimized geometry is obtained with 500 nm period, 300 
nm post diameter and 140 nm relief depth. In this work, we used metal-assisted chemical 
etching (MacEtch) technique to develop the top diffractive hexagonal cylindrical posts 
that is described in chapter 1. Anti-reflection coating (ARC) deposition is done using 
atomic layer deposition (ALD) with a Savannah 2 system for aluminum oxide at 200 °C 
with 0.04 sec water and 0.1 Trimethylaluminum (TMA) pulse time, 80 sccm carrier gas 
flow, 200 mTorr pressure. Silicon nitride deposition is done using a Plasma-Therm 790 
plasma enhanced chemical vapor deposition (PECVD) system at 300 °C.  2% Silane gas 
diluted in Nitrogen (N2) is used with the following gas flows: 120 sccm SiH4, 4.56 sccm 
NH3, 400 sccm N2, 900 mTorr pressure, 20 W RF power with deposition rate of 8-10 
nm/min. Silicon oxide is also deposited using the same system at the same temperature 
with 200 sccm SiH4, 412 sccm N2O, 1050 mTorr pressure, 25 W RF power and 
deposition rate of 48-50 nm/min. 
2.3.2 Optical Measurements and Imaging  
Normal angle reflection spectra is measured using a Fourier transform infrared 
(FTIR) spectrometer Vertex 80 system with a CaF2 UV-VIS-NIR beam splitter, silicon 
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diode detector that is coupled to a 4x objective 0.07 numerical aperture mounted on an 
optical microscope Hyperion 1000 system. An aluminum mirror is used as the 
background reference. Angle resolved reflectance spectra are collected using RTC-060-
SF Reflectance/Transmittance integrating sphere coupled to a Kl-120 Koehler collimated 
illuminator in the VIS-NIR region (LabSphere). 
2.3.3 Modeling 
Reflection spectra are numerically calculated with Finite-Difference Time-
Domain (FDTD) software package (Lumerical Solutions Inc) based on the experimental 
parameters for the imprinted 2D grating structure and the ARC layers. The wavelength 
dependent refractive index of silicon oxide and aluminum oxide are taken from Palik and 
silicon nitride from Phillip. 
2.4 Conclusion 
In this chapter, we have optimized the design of a broadband, angle independent 
anti-reflection coating for use on nanostructured solar cells. The reflectivity behavior of 
three single layer and a bilayer anti-reflection coatings on patterned and bare silicon is 
predicted and experimentally measured for conformal and non-conformal coatings. 
Simulation shows that lower step coverage of a deposited film results in a lower 
wavelength integrated reflectance. To further reduce the reflectance from the top 
nanostructured surface, a double layer ARC is modeled.  The integrated reflectance from 
an optimized non-conformal single layer SiO2, Si3N4, and Al2O3 is predicted to be 3%, 
2.2%, and 2.3% respectively whereas 1.5% from a bi-layer ARC, Si3N4- SiO2, both of 
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which are very low over a wide range of wavelengths compared to other ARC structures. 
The experimental results of the reflectance vs wavelength that are plotted next to the 
predicted result are fairly in agreement with the simulations. Lastly, we have shown that 
the optimized bi-layer ARC is significantly independent of the angle of incident with 
<4% wavelength integrated reflectance up to the angle of 60° which makes it very 
promising for photovoltaic applications. 
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CHAPTER 3 UNIFIED ELECTROMAGNETIC-ELECTRONIC 
DEVICE DESIGN  
3.1 Introduction 
Low cost and high efficiency solar cells are an important alternative to fossil fuel based 
energy. Mono-crystalline silicon (c-Si) is undoubtedly the material of choice in 
photovoltaic applications due to its high natural abundance, low cost, reliability, excellent 
optical/electronic properties and chemical/radiation hardness
1,14,65,66
.  However, there is a 
continued demand for thinner, lighter and more efficient solar cells. Present commercial 
screen-printed c-Si cells are typically 150-180 µm thick, enabling large absorption of the 
solar spectrum over the silicon bandwidth, and obtain 17-20% energy conversion 
efficiency in volume production
3,4,65
. While reducing the thickness of c-Si can decrease 
the absorption significantly for thickness below ~50 µm, it has been shown that it leads to 
a higher voltage
67-69
 with the added benefit of reduced material costs
53,70,71
. As the cell 
thickness decreases, the diode saturation current decreases, resulting in the increase in 
voltage. In order to compensate for the low absorption of ultra-thin (< 30 µm) c-Si cells, 
special light management schemes were developed
29,36,37,72,73
. Various light trapping 
schemes were proposed and demonstrated in recent years to enhance absorption in thin-
film geometry based on top and/or bottom diffractive/plasmonic light scattering 
patterns
22,41,44,64,74-78
. In previous works light trapping in ultra-thin silicon solar cells have 
been shown and significant enhancement in energy conversion efficiency in a functional 
cell has been demonstrated for the first time
79,80
. However, light trapping solar cells must 
also ensure maximum charge carrier collection in order to fully benefit from the increase 
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in photon absorption.  Maximizing photon absorption without efficient electron collection 
is not adequate to obtain higher efficiency. An electronic device physics model which 
includes light trapping within functional cell geometries is missing from the present 
literature.  Thus, there is a need for a unified photon-electron harvesting scheme that 
enables the design of high efficiency, functional, commercial grade solar cells. This will 
translate to enormous material cost savings (greater W/g silicon utilization) and provide 
other mechanical attributes such as light-weight and flexibility to the resultant solar 
modules. Here, we report a unified electromagnetic and electronic device physics design 
approach which maximizes the combined photon-electron harvesting. The spatial 
absorption profile of the light trapping solar cell predicted from finite difference time 
domain (FDTD) simulations define the charge carrier generation in the following 
electronic device simulation. The predicted short circuit current (Jsc), open circuit voltage 
(Voc) and efficiency (η) from an optimized doping profile and carrier life time closely 
match experimental observations in bare as well as light trapping cell geometries.  
3.2 Results and Discussion 
3.2.1 Light Trapping c-Si Solar Cell Optical Responses 
Figure 3-1 shows the chosen light trapping cell architecture. The light trapping scheme is 
composed of top nanostructured diffractive optical element coated with anti-reflection 
coating coupled to an optical cavity which enhances absorption via a composite 
phenomenon: reduction in reflection, path length enhancement via forward diffraction 
and trapping light into the silicon waveguide and cavity modes.  
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Figure ‎3-1 illustrates the c-Si solar cell architecture which combines the light trapping 
scheme with the functional cell geometry. 
An integrated 78% absorption with respect to the AM1.5G spectrum is numerically 
predicted inside the 3 µm thick light trapping cell as shown in Figure 3-2. 
This constitutes 117% absorption enhancement compared to a bare wafer of same 
thickness which absorbs only 36% of the integrated solar spectrum. For the top 
diffractive pattern a 2D hexagonal Bravais lattice was chosen based on the design 
reported in our earlier publications 
27, 39
.   
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Figure ‎3-2 shows the absorbed photo flux as a function of wavelength with reference to 
AM1.5D solar spectrum for bare and light trapping cell inside a 3 µm thick wafer. 
Figure 3-3 presents the band diagram of the corresponding n-p-p+ junction under 
illumination when is connected to an external load.  
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Figure ‎3-3 shows the corresponding band diagram under illumination. 
The lack of the acceptor impurity concentration at the base contact causes the minority 
carriers to recombine more easily, which is considered one of the main sources of the 
voltage loss in a solar cell
44
.  
Hence, a heavily p-doped region at the base electrode improves the open circuit voltage. 
The band tilts downwards in the n region and upwards in the p region due to the positive 
and negative charge movement, respectively.  Under illumination, the number of 
generated excess electrons is equivalent to the number of generated excess holes; hence 
the Fermi energy difference at the n and p sides,  𝜀𝑓𝑛 − 𝜀𝑓𝑝 becomes closer to the band 
gap energy by increasing the numbers of excess minority carriers which leads to higher 
current density.  This phenomenon is further described in the following section.  
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Figure ‎3-4 shows silicon absorption as a function of silicon thickness for the optimized 
light trapping pattern (P = 500 nm, D/P = 0.6, RD = 140 nm with ARC (SiO2/SiN = 
50/35 nm), and 200 nm Au as BSR) vs bared silicon. 
 Based on the optimized pattern, the silicon absorption as a function of silicon 
thickness is studied and shown in Figure 3-4. It can be seen that for this light trapping 
design silicon thickness of > 15 µm is needed in order to absorb > 90% integrated AM1.5 
solar spectrum.  Figure 3-5 compares the FDTD predicted absolute absorption of a 3 μm 
thick bare and a light trapping cell as a function of wavelength. Significant absorption 
enhancement can be observed in the light trapping cell especially near the band edge 
where bare silicon absorption is weak.  Furthermore, narrow Fabry-Perot cavity 
resonances are observed in the light trapping cell which correspond to the presence of the 
0
th
 and higher order cavity modes of the thin cell.  
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Figure ‎3-5 compares the FDTD predicted absolute absorption inside 3 µm thick bare and 
light trapping cells.  
The FDTD predicted 2D absorption profiles (Pabs) of bare and light trapping cells in a 
strong (λ = 461 nm) and weak (λ = 977 nm) absorption regimes are shown in Figure 3-6. 
 
Figure ‎3-6 illustrates the power absorbed per unit volume in 3 µm thick bare and light 
trapping cell at strong (λ = 461 nm) and weak (λ = 977 nm) absorbing regimes. 
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Absorbed power is obtained by applying Equation (26), which is derived from the 
divergence of the Poynting vector formula as     
𝑃𝑎𝑏𝑠 = −
1
2
ω|E|2 Im (ε) ( 24 ) 
According to the Equation (26), the energy absorption of a monochromatic light is 
directly proportional to the electric field intensity which mandates field enhancement for 
higher absorption. As predicted, the band edge photons (λ = 977 nm) are more strongly 
absorbed in the light trapping cell compared to the bare cell due to tight field confinement 
and path length enhancement via diffraction/scattering. There is significant enhancement 
in absorbed power between light trapping and bare cells which can be noticed by 
comparing Figure 3-6, left and right.  
 
Figure ‎3-7 compares the wavelength integrated charge carrier generation rate (g) over a 
2D plane across the center of the hexagonal unit cell. 
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This fact is further supported by the wavelength integrated generation rate (g) in 
Figure 3-7. The number of electron-hole pairs generated by absorbed photons as a 
function of position integrated over a specific wavelength range in the device is defined 
as the wavelength integrated charge carrier generation rate (g). From Figure 3-7, 
significantly enhanced charge carrier generation can be observed for the light trapping 
cell due to the stronger photon absorption substantially deep inside the wafer. 
Subsequently, the FDTD predicted 3D generation rate data is imported into the numerical 
electronic modeling (Lumerical DEVICE, Lumerical Inc.) that makes the bridge between 
electromagnetic absorption and electronic device performance predictions. Since the 
actual cell is longer than one unit cell due to the lateral p-n junction (Figure 3-1), the 
FDTD predicted one unit cell generation rate, which is calculated with the periodic 
boundary condition along the x-y directions, is copied along the length of the device to 
cover the distance between two contacts.  
3.2.2 Electronic Device Modeling 
The quasi fermi energy levels, electron-hole densities and recombination losses of 
the cell were extracted from the electronic simulations in order to understand the 
fundamental gain and loss mechanisms. For a fair comparison, both bare and light 
trapping cells are assumed to be perfectly passivated with reasonably low surface 
recombination velocity (SRV) SRV = 10 m/cm. A low SRV isolates the effects of 
recombination and electron-hole generation processes.  
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Figure ‎3-8 (a) shows the doping profile of the 3 µm thick silicon cell with and without 
light trapping. The p and n regions are defined which show the gradient of impurities in 
the device. (b) compares the electron density of a 3 µm bare cell with light trapping cell. 
The electron density in n-type region of the light trapping cell is higher than that of the 
bare cell, and (c) shows the corresponding electron current density. The structure 
geometries in this figure are not to scale. The color bar upper and lower limits are chosen 
in order to enhance the contrast.  
Figure 3-8 (a) shows the chosen doping profile of the 3 µm silicon cell with and 
without light trapping. The p and n regions are shown as gradient of the doping 
concentration using two opposite color schemes. Figure 3-8 (b) compares the electron 
density of a 3 µm bare and light trapping cells. The light trapping cell shows a higher 
absolute electron (and hole) density due to the higher absolute quasi fermi energy levels 
which, in turn, originates from the higher absorption. The electron density in non-
equilibrium conditions (i.e. under illumination as a function of the quasi fermi energy) is 
given by 
n = NC exp (
εfn−εc
kBT
) ( 25 ) 
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where 𝑁𝐶 is the effective density of state in the conduction band, 𝜀𝑓𝑛, and 𝜀𝑐 are electron 
quasi fermi energy and conduction band energy respectively. The carrier density is highly 
sensitive to any small variation in quasi fermi energy level. As can be seen in Figure 3-8 
(b), the electron density within the n-type region of the light trapping cell is significantly 
higher than that of the bare cell. The n and p quasi fermi energy difference (𝜀𝑓𝑛 − 𝜀𝑓𝑝) is 
a measure of the deviation from equilibrium. Under non-equilibrium conditions, i.e. 
under illumination, the current density can be written as  
Jn = μnn
dεfn
dx
 ( 26 ) 
where 𝜇𝑛 is the electron mobility. The electron density in the non-equilibrium condition 
is n = n0+Δn where n0 is the donor impurity concentration (at equilibrium) and Δn is the 
excess minority carrier concentration that is generated under illumination. The higher 
value of charge density, in conjunction with higher quasi fermi energy, leads to a greater 
electron current density. Figure 3-8 (c) illustrates the electron current density 
enhancement in light trapping cell with respect to the bare cell. Current density that is 
proportional to the gradient of the quasi fermi level, shows the flow of photo generated 
carriers towards ohmic contacts and through the external circuit. The concentration of 
holes and corresponding hole current density can be explained in a similar fashion. For 
fair comparison, both electron density and current density (Figure 3-8 (b, c)) are 
integrated over the corresponding predicted I-V curve shown in the following.  
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Figure ‎3-9 (a-b) present the predicted short circuit current density (Jsc) and open circuit 
voltage (Voc) as a function of surface recombination velocity in the top and bottom 
graphs respectively, and (c-d) show the predicted short circuit current density as a 
function of doping concentration for both bare and light trapping cells. 
Apart from the light absorption enhancement in the light trapping cell, which 
leads to higher internal current density as demonstrated above, it is also important to 
investigate the mechanisms of loss in order to improve charge collection and overall cell 
efficiency. The surface recombination velocity (SRV), which is one of the main sources 
of voltage loss and low short circuit current, defines the carrier recombination rate at the 
silicon interfaces due to the silicon dangling bonds. Figure 3-9 (a) shows the predicted 
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variation in Jsc as a function of SRV for bare and light trapping cells. Although, a lower 
SRV (1-100 cm/s)
81-84
 produces higher Jsc, achieving such low SRV on a patterned 
surfaces of a light trapping cell requires excellent surface passivation. The impact of bulk 
and surface recombination on the cell performance can be described by the effective 
lifetime, given by
81,85,86
 
 
1
τeff
=
1
τbulk
+
2SRV
d
 ( 27 ) 
where d is the cell thickness. According to the Equation (29), in lower cell thicknesses, 
SRV becomes more significant than the bulk lifetime. Thus a good multi-functional 
passivation layer on the patterned top surface which also functions as an anti-reflection 
coating makes a significant difference in device performance due to both photon 
absorption enhancement and carrier lifetime improvement. The SRV further influences 
the open circuit voltage which is defined in Equation (30) for a solar cell made on a p-
type wafer as
87-89
 
 VOC =
KT
q
ln(
𝐽𝑝ℎ(𝑁𝐴+∆𝑝)𝜏𝑒𝑓𝑓
𝑞𝑑ni
2 ) ( 28 ) 
𝜏𝑒𝑓𝑓 =
∆𝑛
𝑅
 ( 29 ) 
where Jph is photocurrent density, NA is the acceptor concentration, ∆n and ∆p are the 
electron and hole excess minority carrier concentration respectively which are equivalent 
under the illumination in solar cells, ni is the intrinsic carrier concentration, and R is the 
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recombination. Since SRV is inversely related to the lifetime, τeff (Equation (29)), it 
reduces the open circuit voltage as can be observed in Figure 3-9 (b), and ultimately the 
energy conversion efficiency of the cell. Both the current density and the voltage (Figure 
3-9 (a-b) of the light trapping cell decreases significantly compared to that of the bare cell 
as SRV increases. This sharp fall can be explained by higher surface recombination due 
to the surface texturing in light trapping cells. Figure 3-9 (c-d) shows the short circuit 
current density vs doping concentrations for boron and phosphorus regions in bare and 
light trapping cells respectively for the surface recombination velocity of 1000 cm/s. A 
SRV of 1000 cm/s is chosen for the doping concentration studies since lower SRVs can 
only be obtained by thermal silicon oxide growth which is not applicable in this case due 
to polymeric substrates of fabricated microbar cells
39,59
. A significant enhancement in Jsc 
can be observed in the light trapping cell compared to the bare cell. The phosphorus and 
boron doping concentration studied regimes are 6e+20 - 1e+21 cm
-3
 and 3.7e+20 - 
4.3e+20 cm
3
, respectively. These variation ranges are based upon the pre-deposition 
furnace temperature of 900°C - 1050°C in which the cells are exposed to the infinite 
constant sources
90
. Since our studied cell is ultrathin, 3 µm, compared to conventional 
silicon solar cell thickness (150- 180 µm) the drive-in diffusion process that is occurred 
at higher temperature (T > 1000
o
C) in the absence of the dopant source in order to 
increase the junction depth is not considered in this study. These results imply that lower 
doping concentration leads to higher current densities, at the studied doping concentration 
regime 
91
 which also can be shown theoretically by: 
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𝐽𝑆𝐶 = 𝐽0(𝑒
𝑞𝑉𝑂𝐶 𝐾𝑇⁄ − 1) ( 30 ) 
where J0 is the dark saturation current which flows through the solar cell when a bias is 
applied in the dark and in low level injection is given by: 
𝐽0 = 𝑞𝑛𝑖
2(
1
𝑁𝐴
√
𝐷𝑛
𝜏𝑛
+
1
𝑁𝐷
√
𝐷𝑝
𝜏𝑝
) ( 31 ) 
Dn, Dp are the electron and hole diffusion coefficients, 𝜏𝑛, 𝜏𝑝 are the lifetime of electron 
and hole, respectively. Comparing Equation (32) and Equation (33) we can conclude that 
a lower doping concentration (NA, ND) leads to higher J0 and consequently higher Jsc as 
observed in the numerical simulation in Figure 3-9 (c-d).  
 
Figure ‎3-10 (a) and (b) compare the Auger and Shockley-Read-Hall recombination in 
bare and light trapping cells, respectively. Light trapping cell possesses higher 
recombination due to higher localized doping concentration and defect density. The cell 
geometry is not to scale. 
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Deep level or Shockley-Read-Hall (SRH) and Auger recombination are the other 
two carrier loss mechanisms which severely affect solar cell performance. The more 
heavily doped material leads to higher auger recombination and the material with more 
defect states has higher Shockley-Read-Hall recombination. These recombination 
mechanisms are defined in equations (7) and (8), chapter 1. 
From Figure 3-10 (a-b) it can be seen that the light trapping cell has a higher 
Auger and Shockley-Read-Hall recombination rate within the posts due to the generation 
of higher excessive minority carriers and higher defect density, respectively. Both 
recombination rates are integrated over the respective I-V curve (Figure 3-11) of bare and 
light trapping cells in order to demonstrate the overall response. The light trapping nano-
patterning introduces more localized doping distribution and more defects to the silicon 
cell which leads to higher auger and SRH recombination. However, enhanced absorption 
and carrier generation in light trapping cells compensates these recombination losses and 
gives a higher overall cell efficiency. Further, this work shows that the device 
performance can be enhanced by minimizing recombination losses via optimum doping 
profile and surface passivation.  
3.2.3 Device Optimization and Simulation Parameters 
The device simulation parameters are presented in the table 3-1 for two conditions: 
specific to the fabricated and the optimum cells. The values for the predicted cell were 
chosen to be either equivalent or close to the experimental conditions.  
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Table ‎3-1 The electrical simulation parameters of the fabricated (Sim.) and optimized 
(Opt.) bare and light trapping cells 
 
There are some discrepancies between predicted and measured cell performances 
primarily due to the mismatch between estimated device parameters like carrier life time, 
SRV, sidewall ARC thickness on the patterned surface, doping profile and actual 
experimental cell. The detailed light trapping pattern design and fabrication is reported 
previously
39
. Soft nanoimprint lithography (NIL) and reactive ion etching defines 
hexagonal cylindrical silicon posts of period 500 nm, diameter 300 nm and relief depth 
140 nm as light trapping pattern which are optimized with FDTD simulation as shown in 
Figure 1-6. A layer of PECVD SiNx (20-50 nm) and SiO2 (~50-80 nm) deposition the 
device serves as anti-reflection coating (ARC) and passivation layer. Different techniques 
of minimizing the reflection losses such as single dielectric layer, gradient refractive 
index layers, and nanostructured surfaces are commonly used
52,54,92
. A 200 nm thick gold 
layer serves as backside reflector (BSR). The top diffractive optics pattern functions as 
grating coupler to couple incoming solar radiation as diffracted/scattered modes thus 
enhancing effective path length. The functional cell fabrication is completed with the 
doping of boron and phosphorus through patterned hard masks to define the P-N 
junctions followed by metal contact formation as schematically shown in Fig. 1-8.  These 
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parameters are fixed for both bare and light trapping cells in order to compare and focus 
on the impact of light trapping on the device performance.  
Table ‎3-2 Short circuit current (Jsc), open circuit voltage (Voc), fill factor (FF), and 
efficiency (η) of fabricated, simulated and optimized 3 μm bare and light trapping solar 
cells 
 Case 
Jsc 
(mA/Cm
2
) 
Voc (V) FF (%) ƞ (%) 
Sim. Bare Cell 9.8 0.5 76.4 3.73 
Exp. Bare Cell 9.6 0.45 71.1 2.9 
Opt. Bare Cell 11.4 0.64 81.8 5.95 
Sim. LT Cell 25.7 0.52 79.1 10.69 
Exp. LT  Cell 24.6 0.49 71.5 8.47 
Opt. LT Cell 27.2 0.68 81.9 15.23 
 
The predicted results and experimentally measured data
80
 of a 3 µm thick 
microbar silicon solar cell are tabulated and plotted for the comparison in table 3-2 and 
Figure 3-11, respectively.  
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Figure ‎3-11 shows the corresponding I-V curves of fabricated, simulated and optimized 3 
μm bare and light trapping solar cells. 
As shown in the table 3-2, the predicted Jsc and Voc closely match experimental 
measurements for both bare and light trapping cells. The energy conversion efficiency 
enhancement prediction of 186% closely matches the experimentally measured 
enhancement of 192% of the light trapping cell with respect to the bare cell measurement. 
The main difference between the predicted and the fabricated cell is the Voc that is most 
likely caused by non-uniform back surface field (BSF) of the fabricated cell. The 
optimized light trapping and bare cells show 105% and 80% percentages of 
improvements with respect to corresponding experimentally fabricated cells, respectively. 
The optimum cell design considered an ideal carrier life time and SRVs as presented in 
Table 3-1 in order to establish a maximum possible cell performance. For the optimized 
cell we used a SRV of 10 cm/s and bulk life time of 1 ms as reported in Table 3-1. Such 
range of low SRV and long carrier life time is indeed achievable via high quality surface 
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passivation
50,93,94
. The 3D device simulation of charge carrier generation/recombination 
in bare and light trapping cells in thin-film geometry in this study distinctively showed 
the inter-relation between various processes. The study also defined parameter space 
(doping profile, junction depth, SRV etc.) for optimum performance of a 3 µm thick light 
trapping solar cell. The future work will focus on bridging the gap between the present 
and the optimal cell performances following this unified electromagnetic-electronic 
design approach presented above.  
3.3 Methods 
The fabrication starts with surface patterning on <111> p-type c-Si by imprinting method 
that is described in chapter 1, Figure 3-12. Then 500 nm SiO2 is deposited to mask silicon 
surface using PECVD Trion Orion II with Tetraethyl orthosilicate TEOS He bubbler at 
300 °C and 100 sccm O2, 30 sccm TEOS, 900 mTorr pressure, 100 W RF power with 
deposition rate of ~1 nm/sec. Then the micro-bars pattern is formed perpendicular to 
<110> direction on the wafers using a photolithography step followed by wet etching of 
exposed SiO2 in buffered oxide etch (BOE) or 10% diluted hydrofluoric acid (HF) and 
using deep RIE etcher STS system, with 130 sccm SF6, 13 sccm O2 (7 sec each cycle), 
110 sccm C4F8 (5 sec each cycle), 800 W coil power, 20 W platen power, and 15 mTorr 
pressure to etch 3.2 µm of exposed silicon in the trenches. The oxide mask is removed in 
HF. A new 500 nm SiO2 layer is deposited as a mask using PECVD with the same recipe 
to form n-region on the bars. Phosphorus doping is done at 950 °C for 12 minutes with 
PH-1000 Saint-Gobain solid sources. The oxide layer is removed afterwards and a new 
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oxide layer deposited to serve as a mask for p+-region formation. Boron doping is 
performed at 900 °C for 20 minutes with BN-975 Saint-Gobain solid sources. The mask 
layer is removed. Then 100 nm SiO2, and 500 nm Si3N4 is deposited using Plasma-Therm 
790 PECVD using described recipes in chapter 2. Two angled Cr/Au (5 nm/100 nm) is 
deposited using electron beam evaporator to cover the top and sidewalls of micr-bars but 
leave without any metal deposition on the trenches in between the bars. Next, the nitride 
layer deposited is etched using low frequency reactive ion etching system (Trion 
minilock) with 50 sccm SF6 and 5 sccm O2, 300 W icp power, 200 W RIE power and 
100 mTorr pressure with the etch rate of 3-4 nm per sec and the oxide layer is removed 
etched in BOE. Then the wafer is soaked in potassium hydroxide (KOH) for anisotropic 
etching of silicon at 100 ºC for 40 minutes until the silicon bars are undercut and only 
anchored from both ends. The metals are removed in metal etchant and a p+ doping 
process is done for the bottom side of the bars at 900 °C for 20 minutes. nitride layer is 
removed using RIE. The released bars are transfer printed with PDMS stamp onto a glass 
slide coated with a transparent photo curable polyurethane (NOA 61) followed by ultra-
violet exposure for 30 minutes. Then the PDMS stamp is released. At the end, metal 
contacts are formed by a photolithography step and Cr/Au (5 nm/200 nm) evaporation 
and lift-off. 
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Figure ‎3-12 shows the fabrication process of making 3 µm thick micro-bar solar cell on 
<111> silicon wafer from the beginning (top left) to the end (bottom right). The direction 
to follow the process is shown with an arrow in the first row. 
Figure 3-13 illustrates a SEM image of released microbars anchored to the substrate from 
both ends (left), and an optical image of transfer printed microbars onto a glass substrate 
before formation of contacts (right). 
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Figure ‎3-13 shows a SEM image of under-cut silicon microbars (left) and an optical 
image of transfer printed microbars onto a glass substrate (right). 
3.4 Conclusion 
 We theoretically studied 3 µm thick light trapping cell in order to show what can 
be achieved in terms of device performance following unified design approach. The light 
trapping scheme showed significant enhancement in band edge photon absorption 
resulting in higher charge carrier generation rate. It is graphically demonstrated that 
higher generation rate leads to higher current density. It is shown that surface 
recombination velocity has a large impact on short circuit current density (Jsc) and more 
significantly open circuit voltage (Voc) meaning that a good passivation is a must for 
high efficiency achievements. The predicted short circuit current density as a function of 
doping concentration for both bare and light trapping cells shows that very heavy doping 
concentration result in lower current generation since the charge carriers rapidly 
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recombine at the surface. Although nano-patterning causes more recombination, its 
impact on the overall cell efficiency enhancement is significant due to the stronger light 
absorption and higher generation rate which outweighs recombination losses. Such a 
unified electromagnetic-electronic design approach will help design better solar cell 
architecture with higher energy conversion efficiency.   
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CHAPTER 4 FUNCTIOAL LIGHT TRAPPING CELLS 
4.1 Introduction 
In previous chapters, the significant role of applying advanced light trapping designs on 
thin film silicon solar cells is discussed. In this chapter we discuss implementation of the 
light trapping approach that is stablished and optimized, as shown earlier in this thesis, on 
20 µm silicon solar cells in conjunction with characterization of 100 µm silicon solar 
cells with and without the surface nano-patterning approach. The choice of 20 µm 
thickness in this work gives the benefit of higher yield and absorption of sunlight, >90%  
On the other hand 100 µm cells are easier in handling for the fabrication process, and it 
allows us to use characterization tools such as external quantum efficiency and lifetime 
measurements systems to investigate cell performance and loss mechanisms. The spatial 
absorption profile of the light trapping µm cell is predicted in comparison with sun 
spectrum and an equivalent bare cell absorption profile using FDTD simulations. Since 
the recombination has a significant impact on the wafer’s carrier lifetime, the open-circuit 
voltage and efficiency of a bare and light trapping 20 µm silicon solar cells are predicted 
as a function of silicon bulk’s carrier lifetime. The short circuit current (Jsc), open circuit 
voltage (Voc) and efficiency (η) from an optimized doping profile and carrier life time are 
predicted for bare and patterned cell as well. We experimentally show that there is an 
enhancement in Jsc and hence the efficiency of the patterned cells with respect to un-
patterned bare cell.  
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4.2 Results and Discussion 
A 100 µm and 20 µm light trapping silicon solar cell design architecture is shown in 
Figure 4-1 (a) and (b) respectively. In both devices, silicon is patterned with the top 
diffractive nano-structures, SEM image in Figure 4-1 (a), and coated with an index 
matched dielectric layer. Aluminum as the rear metal electrode acts as backside reflector 
as well. Using silicon-on-insulator (SOI) wafer to fabricate 20 µm cells facilitates the 
device handling. 
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Figure ‎4-1 shows light trapping c-Si solar cell architecture of 100 µm (a) and (b) 20 µm 
cell that is fabricated on a silicon-on-insulator (SOI) wafer. 
70 
 
The numerically predicted spatial absorption profile of the 20 µm solar cell with 
and without the light trapping structure is compared with respect to the AM1.5G 
spectrum in Figure 4-2. It is shown that 91% integrated absorption of the integrated sun 
spectrum can be achieved in the 20 µm light trapping cell compare to 57% absorption of 
the equivalent bare cell. Since, the absorption of 100 µm silicon with an optimized anti-
reflection coating and backside reflector is >90%, the top diffractive pattern may not add 
as much to the optical performance of such a thick cell. Previously optimized 2D 
hexagonal array of posts of period (P) 500nm, diameter to period ratio (D/P) 0.6 and 
relief depth (RD) 140 nm is used in this work as the top diffractive pattern. 
 
Figure ‎4-2 illustrates the comparison between the integrated absorption of 20 µm c-Si 
solar cell with and without light trapping with respect to the solar spectrum.  
Additional to the optical characterization of the light trapping cells, we also 
performed the external quantum efficiency measurement to analyze the incident photons’ 
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collection, Figure 4-3. The EQE measurement results show that there are losses such as 
front surface recombination at shorter wavelengths (blue response), rear surface 
recombination, reduced absorption and low diffusion length at longer wavelengths (red 
response), and low diffusion length and reflection which reduce the overall quantum 
efficiency in solar cells otherwise ideally this value should be unity for the photons with 
energies above the bandgap if each incident photon get absorbed and collected. 
 
Figure ‎4-3 presents external quantum efficiency measurement of a 100 µm bare and 
patterned cell, both with ARC and BSR. 
From the EQE curves, diffusion length is one of the main loss mechanisms that is 
directly proportional to the carrier lifetime (or inversely proportional to the 
recombination rate). The surface recombination is studied in chapter 3 and it is concluded 
that having high quality surface passivation can minimize the surface recombination 
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effects on a cell performance. Hence, here we investigated bulk recombination by 
modeling the impact of silicon bulk carrier lifetime on short-circuit current (Jsc), open-
circuit voltage (Voc) and efficiency (η) for both 100 µm bare and light trapping cell, 
Figure 4-4 (a-c). The simulation is done by importing the predicted 3D generation rate 
data into the numerical electronic modeling (Lumerical DEVICE, Lumerical Inc.).A 
sharper fall in Voc for light trapping cell is observed that is due to higher surface 
recombination caused by the surface texturing, Figure 4-4 (b). Predicted Voc and η for 20 
µm c-Si solar cell with and without top diffractive pattern is consistent with the results 
from 100 µm cell, Figure 4-4 (d). Low quality wafers or any sorts of contamination 
and/or defects which introduce high deep level recombination into the silicon bulk 
especially at high temperature fabrication steps can cause degradation of bulk lifetime as 
a result, equation (31) which has a significant impact on the charge collection and energy 
conversion efficiency. Figure 24 shows for both bare and light trapping cell there is a 150 
mV and 100 mV open-circuit voltage difference between 1 msec and 1 µsec lifetime 
values for 100 µm and 20 µm cells respectively which can be verified with equation (30). 
It is also shown that the efficiency in both cells can be improved up to 25% as the 
lifetime increases from 1 µsec to 1 msec, (right to left). The surface recombination 
velocity (SRV) in this simulation is constant and chosen to be 1000 cm/s since lower 
SRVs require excellent surface passivation. In both cells an optimized single layer anti-
reflection, chapter 2, coating is considered. 
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Figure ‎4-4 presents the impact of bulk lifetime on Jsc (a) Voc (b) and η (c) in 100 µm cell. 
(d) Predicted Voc and η vs bulk lifetime for 20 µm cell verifies the results in (a). 
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The experimentally measured data of 100 µm cells and predicted optimized parameters 
for a near perfect cell are presented in Table 4-1 and Figure 4-5 respectively. 
 
Figure ‎4-5 presents the I-V curves of experimental (solid lines) and predicted data (dash 
lines) for a 100 µm bare (black) and a patterned solar (red) cell. 
Table ‎4-1 Short circuit current (Jsc), open circuit voltage (Voc), fill factor (FF), and 
efficiency (η) of fabricated and optimized 100 μm bare and patterned solar cells 
 
Table 4-2 and Figure 4-6 show the predicted and experimental result of 20 µm in the 
same fashion. 
100 µm Case 
Jsc 
(mA/Cm
2
) 
Voc (V) FF (%) ƞ (%) 
Exp. Bare Cell 27.9 508 69.1 9.8 
Exp. LT Cell 32.2 514 71.35 11.45 
Opt. Bare Cell 38 649 82 20.25 
Opt. LT Cell 39.1 650 81.9 20.82 
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Figure ‎4-6 presents the I-V curves of experimental (solid lines) and predicted data (dash 
lines) for a 20 µm bare (black) and a patterned solar (red) cell. 
Table ‎4-2 Short circuit current (Jsc), open circuit voltage (Voc), fill factor (FF), and 
efficiency (η) of fabricated and optimized 20 μm bare and patterned solar cells 
 
In the optimized design a heavy doping is considered under the front and rear contacts in 
order to obtain higher carrier collection while maintaining a good surface passivation, 
Table 4-3. The rear contact is localized through a dielectric passivation layer. Near 
perfect bulk lifetime (1 msec) and SRV (1-100 cm/sec) are the assumptions of the 
20 µm  Case 
Jsc 
(mA/Cm2) 
Voc (V) FF (%) ƞ (%) 
Exp. Bare Cell 26.2 420 44.5 4.9 
Exp. LT Cell 30 405 58.8 6.9 
Opt. Bare Cell 36 645 76.2 17.7 
Opt. LT Cell 38.9 658 76 19.4 
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optimized cell. However, the localized doping processes for the contact regions are 
skipped in our fabricated cells to prevent complications in fabrication process. The 
doping levels in this condition serve for both contact and absorbing regions. 
Table ‎4-3 The electrical simulation parameters of the optimized (Opt.) bare and patterned 
solar cells 
 
The inconsistency between the experimentally fabricated and optimized cell in Figures 4-
5 and 4-6 is partially due to the non-localized doping by making the decision of reducing 
the fabrication process. However, the major loss between the experimental and ideal cell 
can be explained by the results of recombination losses which are previously presented in 
Figures 3-9 and 4-4. In order to validate this claim, bulk lifetime measurement is 
conducted on two type of wafers before and after doping that is a high temperature 
process using Sinton WCT-120 system which works based on electro-magnetic induction 
using a sensor and a filtered xenon flash lamp. One is the 100 μm p-type silicon wafers 
on which the presented solar cells are fabricated.  Second one is a 200 μm n-type silicon 
wafer with few nanometers of thermally grown silicon oxide. Both wafers are then 
passivated with Al2O3 and SiNx followed by annealing at 430 ºC for 30 minutes shortly 
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before bulk lifetime measurement.  According to the measured data, shown in Table 4-4, 
lifetime of both wafers are dropped by an order of magnitude after the doping process 
which is done at 900 ºC for 20 minutes. At such a high temperature any contaminant 
material such as metals diffuse into the bulk of semiconductor into which introduce 
defects. Thus the current density, voltage and fill factor are impacted significantly by 
recombination in bulk of silicon and at the surface (especially at non-passivated rear side 
in the experiments). 
Table ‎4-4 The lifetime measurement results for 100 µm and 200 µm c-Si wafers. 
Sample 
Film 
thickness 
(µm) 
Resistivity 
(Ω-cm) 
J
0
 
1 sun 
implied V
oc 
(V) 
Lifetime 
(µs) 
Original 100 1 1.2E-13 0.65 137.35 
Doped 100 0.53 4.8E-13 0.52 13.51 
Original 200 2.36 2E-14 0.7 1395 
Doped 200 0.34 5.6E-13 0.67 139 
 
4.3 Methods 
4.3.1 100 µm Cell Fabrication 
The process starts with patterning the top surface of 100 µm p-type, 1-30 ohm-
cm, <100> silicon wafer by soft nano-imprinting lithography followed by MaCEtch 
process that is described earlier in chapter 2. Once the desirable relief depth is obtained 
the wafer is cleaned. Rear side of the wafer is masked with >500 nm silicon oxide 
deposited by PECVD Trion Orion II system with the same recipe described in chapter 3. 
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The phosphorus doping is done at 900 °C for 20 minutes. The masking oxide layer is 
chemically removed with BOE or diluted HF. Another >500 nm oxide layer is deposited 
using PECVD to mask the front side followed by boron doping at 900 °C for 20 minutes. 
A diffusion process takes place afterwards at 1100 °C for 10 minutes (It is found that 
drive-in at 1000 C for 30 minutes is more efficient). The oxide mask is etched in BOE 
/HF 10 %. Then the front side is passivated by 50 nm SiNx deposition by a Plasma-
Therm 790 plasma PECVD system at 300 °C with the same recipe that is described in 
chapter 2. Front contacts are patterned through a photolithography step followed by dry 
etching the silicon nitride using low frequency RIE system (Trion minilock) with the 
recipe used in chapter 3. Next, 35 nm titanium (Ti) as adhesion layer, 35 nm palladium 
(Pd) as transition layer
44
 and 500 nm Silver (Ag) is deposited using electron beam 
evaporator at 10
-6
 Torr pressure and the metal coated photoresist is lifted off in acetone. 
Finally 2 µm Al layer is deposited to form the rear contact. 
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Figure ‎4-7 shows the fabrication process of making 100 µm solar cell on <100> p-doped 
double side polished Si wafer from the beginning (top left) to the end (bottom right). The 
direction to follow the process is shown with an arrow in the first row. 
4.3.2 20 µm Cell Fabrication 
Figure 4-8: Solar cell device is fabricated on a 3 inch silicon-on-insulator (SOI) 
wafer with 20 µm p-type, ρ = 1-5 Ω cm device layer, 0.5 µm silicon oxide that is buried 
underneath the device layer and 350 µm silicon handle layer. The fabrication starts with 
the same surface patterning process as is done for 100 µm cell. The wafer goes through a 
phosphorous doping process at 900 °C for 20 minutes. A 50 nm Si3N4 layer is deposited 
using PECVD technique with gasses at 300 °C on the device layer as an anti-reflection 
coating with the same recipe that is used in chapter 2. Then 3.5 µm SiO2 layer is 
deposited on the handle side to serve as a hard mask for backside deep RIE etching by 
following the recipe in 100 µm cell fabrication. Front contact is formed by a 
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photolithography step followed by deposition of 35 nm Ti, 35 nm Pd, and 500 nm Ag and 
lift-off in acetone. Each cell has 5x5 mm
2
 active area plus 5x1 mm
2 
contact area. The rear 
contact window is defined by photolithography that is slightly smaller than the cell’s total 
area. Then the 350 µm silicon handle layer is etched through the rear contact window in a 
bosch process
95
 by using deep RIE etcher STS system, with 130 sccm SF6, 13 sccm O2 (7 
sec each cycle), 110 sccm C4F8 (5 sec each cycle), 800 W coil power, 20 W platen power, 
and 15 mTorr pressure until the buried oxide layer is exposed. The etch rate of 0.5 µm 
per cycle is obtained. The front side of the cells on device layer is masked with 
photoresist during the backside etching process that is also used in another dry etching 
process on the device layer to electrically isolate each cell from the adjacent cells. 1-2 µm 
Al layer deposited as the rear contact after removing the exposed buried oxide layer from 
the rear window using 10% HF. The photoresist mask is removed at the end.  
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Figure ‎4-8 shows the fabrication process of making 20 µm solar cell on SOI wafer from 
the beginning (top left) to the end (bottom left). The direction to follow the process is 
shown with an arrow in the first row. 
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Figure ‎4-9 (left) shows the fabricated 20 µm solar cell on SOI wafers, (right) shows the 
flexibility of a thin Si. 
4.4 Conclusion 
100 µm and 20 µm mono-crystalline silicon solar cells are fabricated with two different 
approaches and characterized. This work predicts 60 % enhancement in photon 
absorption of 20 μm thick light trapping cell compare to an equivalent bare one using 
FDTD simulations. This enhancement becomes weaker as silicon thickness increases. 
Then to study bulk recombination loss, the impact of carrier lifetime in the bulk of silicon 
on the bare and light trapping cell performance is predicted for both 100 µm and 20 µm 
cells using Lumerical Device modeling. The results which are consistent for both cases 
show a significant enhancement in open-circuit voltage (Voc) and efficiency (η) from 
micro-sec to mili-sec lifetime values. The short-circuit current (Jsc), open-circuit voltage 
(Voc) and efficiency (η) is predicted for near perfect 20 µm c-Si solar cell with and 
without top diffractive pattern in order to show the maximum possible cell performance 
at this thickness. There is 8% and 9.6 % predicted enhancement in Jsc and η of a well 
passivated (with ARC) patterned silicon with respect to an un-patterned one. Therefore, 
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we fabricated and measured 20 µm c-Si solar cells with and without surface nano-
patterning. A doping experiment is performed on two types of silicon wafers while 
minimizing surface passivation impact for bulk lifetime measurement in order to verify 
the simulations and identify the main loss mechanism in the fabricated cells. The result 
shows an order of magnitude reduction in both types of silicon wafers which significantly 
lower the current and voltage of the cells. The experimental results also show short-
circuit current and efficiency enhancement in the patterned cell due to the higher photon 
absorption with respect to the un-patterned cell. Although this enhancement is more 
significant in 20 µm, multiple lithography steps are required in order to target the 
optimum efficiency which makes the fabrication more complicated than 100 μm cells. 
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CHAPTER 5 CONCLUSION 
A 2D hexagonal Bravais lattice as top diffractive pattern for thin film crystalline 
silicon solar cell applications is presented. To maximize the absorption of sunlight 
spectrum in thin film silicon device, the pattern geometry is optimized using Fourier 
difference time domain (FDTD) simulation technique. The wavelength integrated 
absorption of patterned silicon combined with anti-reflective coating (ARC) and backside 
reflector (BSR) in comparison with an equivalent un-patterned silicon as a function of 
thickness shows that the 3 µm light trapping silicon solar cell absorbs ~80 % of solar 
spectrum while 3 µm bare silicon only absorbs 36 % of the sunlight. In order to achieve > 
90 % absorption, 20 µm thick silicon is required implemented with light trapping 
combination. 
Broadband, angle independent anti-reflection coating for use on nanostructured 
solar cells is optimized using FDTD simulation and experimentally validated by 
presenting the normal incident and angle resolved reluctance spectra that are obtained 
using Fourier transform infrared (FTIR) spectrometer and Reflectance/Transmittance 
integrating sphere respectively. Three single layer and a bi-layer ARC on patterned and 
bare silicon is studied numerically and experimentally for conformal and non-conformal 
coatings. According to the results, lower step coverages result in a lower wavelength 
integrated reflectance in comparison with conformal coatings. Silicon nano-structures are 
fabricated using soft nano-imprinting lithography followed by meat-assisted-chemical 
etching technique. For the experimental single layer ARC study, Al2O3 is deposited by 
ALD, and Si3N4 and SiO2 are deposited by PECVD. The minimum integrated reflectance 
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is predicted to be 2.2% for 60 nm Si3N4 single layer and 1.5% for bi-layer ARC, 70 nm 
Si3N4- 100 nm SiO2, on patterned silicon over a range of wavelengths. Moreover, it is 
shown that the optimized bi-layer ARC is significantly independent of the angle of 
incident, <4% integrated reflectance up to 60°, that is very competitive for solar cell 
applications. 
3 µm thick light trapping micro-bar shape solar cell is theoretically investigated in 
order to optimize the device performance. Simulation results shows 117% enhancement 
in photon absorption in the 3 µm light trapping cell which leads to higher charge carrier 
generation rate. It is shown that surface recombination is silicon which can be controlled 
by variety of passivation techniques has a significant impact on a solar cell performance. 
Although surface patterning can potentially be a source of recombination due to 
introducing defects and larger number of photo-generated carriers, the prediction shows 
156% efficiency enhancement can be achieved with optimized doping profile and well 
passivated surface. 
A 100 µm, and a 20 µm light trapping c-Si solar cell are modeled, fabricated and 
characterized in comparison with equivalent un-patterned cells. 100 µm thick cell is 
fabricated for characterization purposes due to less fabrication steps and easier handling 
and the 20 µm thick cell is fabricated on silicon-on-insulator wafers that gives >90% 
yield. The FDTD simulations predict 60% photon absorption enhancement in 20 μm light 
trapping cell with respect to an equivalent bare cell. Experimentally measured I-V curve 
also shows current density and efficiency enhancement as well. For characterization 
purposes, short-circuit current (Jsc), open-circuit voltage (Voc) and efficiency (η) as a 
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function of bulk lifetime is studied using Device modeling software to show the influence 
of defects on cell’s performance. The result shows that these parameters are significantly 
dependent on the bulk quality of the silicon wafers. 
In order to study a wafer quality through the fabrication process, a doping 
experiment is performed in two types of well passivated silicon wafers to characterize the 
bulk lifetime of the wafers before and after the doping as a high temperature process. The 
lifetime measurement of both wafers decreased by an order of magnitude from the 
original measurements before doping process. This drastic degradation leads to 
significantly lower current and voltage in the cells. It is concluded that good consistency 
between simulation and measurements requires high quality doping process. 
Finally, it is shown that high efficiency ultra-thin film solar cells can be achieved by 
applying the studied light trapping scheme and maintaining the quality of surface and 
bulk of silicon as high as possible. By implementing this light trapping approach ultra-
thin silicon solar cells screen printed on large scale sheets of plastics, light weight and 
flexible modules, can be produced which not only leads to more cost effective and easier 
installation process but also increases the capabilities in mobile applications. 
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